






























in	 supply	 chain.	 This	 phenomenon	 negatively	 impacts	 the	 performance	 of	 supply	 chain	
particularly	in	keeping	stable	inventory	level.	Therefore,	any	effort	to	reduce	the	effect	would	be	
beneficial.	Enormous	number	of	studies	have	been	focused	on	the	cause	and	solutions	for	the	
bullwhip	 effect	 and	 there	 has	 been	many	 of	 successfully	 tested	 experiments	 to	 dampen	 the	
effect.	 However,	 the	 feasibility	 of	 such	 studies	 and	 the	 actual	 contributions	 for	 supply	 chain	
performance	are	yet	up	for	debate.	While	the	theory	and	knowledge	of	the	bullwhip	effect	is	well	
established,	 there	 is	 still	 lack	 of	 holistic	 engineering	 framework	 and	 method	 to	 analyze	 the	
problem,	diagnose	its	causes	and	offer	functional	remedies.	
This	research	work	aims	to	fill	this	gap	by	providing	a	holistic	system-based	perspective	to	the	
bullwhip	effect	 identification	and	diagnosis	 and	proposing	 a	novel	 approach	 to	mitigate	 such	
effect.	 The	 supply	 chain	 structure	 in	 this	 study	 and	 behavioral	 features	 are	 accomplished	 by	
means	of	system	dynamics	modeling	and	fuzzy	logic	approach.		
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This	 chapter	 attempts	 to	 briefly	 introduce	 the	 context	 for	 this	 research	 and	 to	 sketch	 the	
motivation	 for	carrying	out	 this	study,	 including	 the	major	deficiencies	of	previous	studies	on	
supply	 chain	 systems	and	bullwhip	effect	 as	well	 as	 theoretical	 reasoning	 for	 conducting	 this	
study.	Detailed	explanation	of	key	variables	and	players	in	the	research	area	and	comprehensive	
review	of	previous	research	has	been	carried	out	in	the	literature	review	chapter.	Subsequently,	









advantage	 is	 considered	 as	 a	 function	of	 fully-unified	 supply	 chain	 systems	 (Bhamra,	Dani,	&	
Burnard,	2011).		Moreover,	due	to	globalization,	complexity	of	supply	chain	systems	is	on	the	rise	
and	therefore	exposed	to	disturbances	more	than	ever	(Christopher	&	Peck,	2004).	In	order	to	
optimize	 supply	 chain	 systems,	managers	have	been	 trying	 to	 cut	down	on-hand	 inventories,	
reducing	the	number	of	suppliers	and	outsourcing	non-critical	activities.	These	decisions	have	
mostly	been	made	based	on	the	assumption	that	marketplace	is	an	unchanging	and	foreseeable	















According	 to	 Lee	 (1997),	 bullwhip	 effect	 occurs	when	 the	 variance	of	 orders	 received	by	 the	
manufacturer	and	supplier	is	much	greater	that	of	customer’s	demand	i.e.	from	downstream	to	
upstream	demand	amplification.	The	 four	major	 causes	of	bullwhip	effect	are	 traced	 in	price	
fluctuations,	order	batching,	rationing	and	demand	forecast	updating.	Walker	(2005)	argues	that	
technological,	 process	 and	 relationship	 core	 competencies	 are	 essential	 factors	 for	 an	
organization	 to	 compete	 in	 a	 market.	 The	 bullwhip	 effect	 exhibits	 the	 core	 competency’s	







the	 possible	 causes	 or	 develop	 strategies	 which	 would	 reduce	 the	 effect.	 Forrester	 (1961)	




Furthermore,	many	 studies	 are	 dedicated	 on	 quantifying	 the	 bullwhip	 effect	 (Chen,	 Drezner,	
Ryan,	&	Simchi-Levi,	2000)	and	investigating	(Disney	&	Towill,	2003)	the	solutions	for	it.	Although,	
the	literature	suggests	many	different	methods	to	reduce	bullwhip	effect,	this	phenomenon	still	
occurs	 in	 reality.	 The	 reason	 for	 this	 contradiction	would	be	 the	difficulties	 in	 employing	 the	
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outcome	 from	academic	 studies	which	analyze	 the	bullwhip	effect	 in	an	extremely	 simplified	
models	into	a	multi-level	multi-product	complicated	supply	chain	system.	Besides,	many	of	the	




chain	 of	 an	 automobile	 spare	 part	 industry	 is	 examined	 in	 order	 to	 grasp	 the	 underlying	
mechanism	of	 bullwhip	 effect	 and	 subsequently	 implement	 a	 fuzzy	 logic	 policy	 design	 in	 the	
supply	chain	structure	to	test	out	the	effect	under	fuzzy	decision	scenarios.	The	benefit	of	system	
dynamics	is	that	the	behavior	of	a	system	originates	from	its	structure.	Thus,	system	dynamics	
gives	 us	 the	 opportunity	 to	 define	 the	 rules	 and	 policies	 in	 the	 structure	 and	 observe	 the	
behavior.		
Scope	of	the	research	
This	 research	 aims	 to	 develop	 a	 customized	 simulation	 model	 based	 on	 system	 dynamics	
approach	and	Fuzzy	rule-based	inference	system	for	evaluating	the	bullwhip	effect	in	a	single-
product,	multi-stage	 supply	 chain.	The	proposed	model	allows	users	 to	quantify	 the	bullwhip	
effect	as	well	as	modifying	the	variables	to	observe	the	impacts	on	the	bullwhip	effect.	The	fuzzy	




• A	 standard	 supply	 chain	 simulation	 model	 based	 on	 system	 dynamics	 approach	 for	
quantifying	the	bullwhip	effect	in	multi-stage	supply	chain	is	developed.	
• The	 system	 dynamics	 simulation	 model	 is	 based	 on	 a	 generic	 retailer-distributor-
manufacturer	system	with	customization	tailored	for	the	case	study	of	Iran	Khodro	Spare	




• The	model	 is	divided	 into	 three	main	echelons;	 retailer,	distributor	and	manufacturer.	
Each	 level	 has	 its	 stock	management	 and	 re-ordering	 decision	 system.	 The	 period	 of	
simulation	is	157	weeks	with	Euler	integration	method.	
• Fuzzy	 inference	 systems	 (FIS)	 is	 constructed	 for	 decisions	 on	 replenishments	 policies	
based	on	the	inventory	level	and	incoming	demand	at	each	level.		































research	 design	 and	methods.	 This	 chapter	 argues	 the	 different	 choices	 for	 carrying	 out	 the	
research	and	the	reasoning	why	system	dynamics	is	an	appropriate	option	based	on	the	type	of	





















of	 supply	 chain	management.	 Emphasis	 is	 particularly	 given	 to	 the	 conceptual	 and	 empirical	




There	 are	 several	 discussions	 going	 on	 among	 scholars	 and	 practitioners	 about	 a	 suitable	
definition	 of	 supply	 chain	 (Mentzer,	 et	 al.,	 2001).	 Supply	 chain	 is	 defined	 as	 the	 network	 of	
enterprises	 that	 are	 connected	 through	 upstream	 and	 downstream	 links	 and	 are	 involved	 in	
different	tasks	and	processes	that	delivers	values	in	form	of	products	and	services	to	the	final	





(SCM)	 is	 an	 approach	 through	which	 the	 incorporation	 of	 abovementioned	 functions	 can	 be	
accomplished	(Shapiro,	2002).		
In	 the	past,	before	 the	existence	of	 supply	chain	managers,	each	echelon	 in	 the	supply	chain	
would	operate	independently.	Managers	at	each	level	made	decisions	based	on	the	requirements	
and	objectives	of	their	particular	activities	with	only	slight	attention	to	the	constraints	imposed	
by	 the	 neighboring	 echelons.	 	 As	 a	 consequence,	 each	 echelon	 tried	 to	 optimize	 its	 own	
operations	 and	 as	 we	 know	 a	 sequence	 of	 locally	 optimized	 systems	 does	 not	 necessarily	
establish	a	global	optimum.	For	instance,	logistics	and	production	are	normally	beneficial	in	large	







and	 manufacturing	 requirement	 planning	 (MRP	 II).	 Then	 in	 the	 80s,	 the	 rise	 of	 attractive	
management	viewpoints	such	as	Just-In-Time	(JIT)	promoted	improved	system	with	zero	on-site	
inventory	(Cook	&	Rogowski,	1996).		


















employs	 industrial	dynamics	approach	 to	handle	physical	distribution	and	 logistics	operations	
(Houlihan,	1987).	Perhaps	the	more	accurate	definition	of	supply	chain	management	is	defined	
by	 Thomas	 and	 Griffin	 (1996)	 which	 denotes	 supply	 chain	 management	 as	 information	 and	






flows	 as	 well.	 Therefore,	 the	 objective	 of	 managing	 the	 supply	 chain	 is	 to	 synchronize	 the	
requirements	 of	 the	 clients	 with	 materials	 flow	 from	 suppliers	 in	 order	 to	 make	 a	 balance	





chain,	 providing	 services	 from	 raw	material	 to	 the	end	 customers	 and	 linkages	 among	 them.	
According	to	Lambert	(2000),	this	structure	is	comprised	of	central	organization	and	several	of	
its	links	such	as	suppliers	and	customers.	Based	on	this	definition,	the	size	of	a	supply	chain	is	
described	 by	 its	 length	 and	 the	 number	 of	 suppliers	 and	 customers	 at	 each	 level.	 However,	
Cooper	et	al.	(1997)	argue	that	supply	chain	does	not	perform	as	such,	but	rather	operates	like	
tree	branches	where	roots	and	branches	symbolize	a	network.	The	decision	on	managing	number	














classify	 them	 by	 level	 and	 how	 fundamental	 they	 are	 for	 the	 company’s	 success.	Moreover,	




















time	 counterproductive	 (Cooper,	 Ellram,	 Gardner,	 &	 Hanks,	 1997).	 Hence,	 it	 is	 important	 to	
identify	 primary	 members	 from	 support	 members	 (Davenport,	 1993).	 Primary	 members	 are	
independent	companies	that	perform	activities	with	added	value	or	operate	in	a	process	which	
generates	output	for	a	specific	market	or	client.	In	contrast,	support	members	are	those	which	
supply	 resources,	 knowledge	 and	 tools	 for	 primary	 members.	 Transportation	 companies,	
production	 equipment	 companies,	 banks,	 storage	 facilities	 etc.	 are	 all	 examples	 of	 support	
companies.	It	 is	also	worth	mentioning	that	distinguishing	primary	and	support	firms	is	not	so	
easy	in	all	cases	(Campuzano	&	Mula,	2011).		
Supply	 chain	management	 needs	 constant	 flow	of	 information	 to	 produce	 the	most	 efficient	






retailer.	 Forrester	 (1958)	 investigated	 a	 supply	 chain	 and	 notices	 how	 a	 small	 change	 in	
consumer’s	demand	leads	to	larger	fluctuations	as	it	travels	through	distribution,	production	for	
replenishment	 process.	 At	 each	 level	 in	 supply	 chain,	 the	 aberration	becomes	 greater	 as	 the	







point	along	the	supply	chain	that	could	falsely	 indicates	that	the	inventory	 level	 is	 lower	than	
desired	inventory.	A	company	which	does	not	have	a	clear	understanding	of	the	supply	chain	may	























The	 bullwhip	 effect	 occurs	 not	 only	 between	 supply	 chain	 members	 but	 also	 between	 the	
subdivisions	or	workstations	that	have	autonomy	in	ordering	decisions	(Taylor	D.	,	1999).		
There	are	number	of	examples	of	bullwhip	effect	in	the	literature.	Towill	and	MacCullen	(1999)	




















2006).	 It	 is	also	called	“demand	amplification”	or	“Forrester	effect”.	Organizations	 in	a	













for	 future	 demand	 and	 desired	 safety	 stock.	 Hence,	 the	 oscillations	 in	 distributor’s	
demand	 becomes	 greater	 than	 the	 retailer’s	 demand.	 Consequently,	 demand	






















lower	 price	 postpones	 the	 next	 order	 until	 the	 current	 inventory	 is	 depleted	 (Fisher,	








Cyclical	 industries	 usually	 face	 irregular	 periods	 of	 excessive	 supply	 and	 undersupply.	
When	consumers	know	that	a	shortage	is	imminent	and	rationing	is	going	to	occur,	they	
will	often	 increase	 the	size	of	 their	orders	 to	ensure	 that	 they	get	what	 they	need.	 In	
practice	when	supply	delivery	time	increases,	buyers	place	multiple	orders	with	the	same	
supplier	 to	 get	 higher	 priority	 allocation	 and	 with	 different	 suppliers	 to	 get	 possible	




Taylor	 (2000)	 argues	 that	machine	dependability,	 process	 capability	 and	 supply	 inconsistency	
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effect,	 enterprises	 normally	 increase	 their	 safety	 stock	 inventories	 in	 an	 attempt	 to	 level	
production	 rate.	However,	holding	expensive	 level	of	 inventory	against	demand	amplification	
would	not	be	the	most	effective	way.	Furthermore,	stocking	up	high	level	of	inventory	adds	more	
to	 the	misperception	 of	 any	 real	 demand	 variations.	 Burbidge	 (1961)	 presented	 a	model	 for	
inventory	and	production	control	which	traced	to	the	bullwhip	effect.	The	model	proved	that	the	
traditional	 stock	 control	 by	 using	 Economic	 Order	 Quantity	 (EOQ)	method	 tends	 to	 increase	
demand	amplification	along	the	supply	chain.		
According	 to	 Johnson	 (1998),	 information	 sharing,	 channel	 placement	 for	 swapping	 decision	
rights,	decreasing	order	lead	time	and	eradicating	forecast	updates	can	be	used	to	mitigate	the	
bullwhip	effect.	Wikner,	Towill	&	Naim	(1991),	proposed	series	of	actions	to	ease	up	the	bullwhip	





















• Everyday	 Low	 Price	 (EDLP);	 the	 pricing	 strategy	 promising	 consumers	 a	 low	 price	
without	the	need	to	wait	for	sale	price	events	or	comparison	shopping.	
• Continuous	Replenishment	Program	(CRP)	strategies;	a	process	by	which	a	supplier	is	
informed	on	a	daily	basis	of	 actual	 sales	or	warehouse	 shipments	and	 commits	 to	
































Order	batching	 Schedule	 ordering	 policy	 can	
reduce	 the	 bullwhip	 effect	 when	




















be	 most	 beneficial	 when	 1)	 the	
variance	 of	 customer	 demand	 is	









Information	 sharing	 via	 EDI	 can	




















sharing	 can	 be	 high	 for	
manufacturer	 when	 demands	 are	
significantly	 correlated	 over	 time,	








Order	batching	 1) The	 bullwhip	 effect	 is	
proportional	 to	 the	remainder	














Increase	 the	 average	 age	 of	
forecasts	 and	 reduce	 the	 rate	 at	







Order	batching	 The	 correct	 parameterization	 of	









1. Information	 quality	 for	
updating	forecast	demand	is	an	












The	 bullwhip	 effect	 levels	 from	









Information	 sharing	 can	 reduce	
the	 bullwhip	 effect.	 However,	 it	
cannot	completely	eliminate	it.	
	


















fuzzy	 system,	 neural	 networks	 and	 so	 on.	 Fuzzy	 logic	 and	 neural	 networks	 are	 the	 major	
methodologies	used	in	artificial	intelligence	(Jang,	Sun,	&	Mizutani,	1997).	These	techniques	are	
general	function	approximators	which	can	be	employed	in	modeling	soft	variables.	Fuzzy	logic	
enables	 us	 to	 identify	 the	 variables	 relationships	 by	 using	 linguistic	 data	 (Nauck,	 Klawonn,	&	
Kruse,	1997).	The	main	feature	of	a	fuzzy	system	is	the	fuzzy	rules	to	represent	the	input-output	




not	explicitly	given	and	are	coded	 in	 the	network	and	 its	parameters.	Therefore,	 it	 is	hard	 to	




Expert	 system	 is	 a	 division	 of	 artificial	 intelligence	 that	 makes	 extensive	 use	 of	 particular	
knowledge	in	order	to	come	up	with	human-level	solutions.	Typical	expert	system	consists	of	six	
elements;	knowledge-base	(rules),	inference	engine	(agenda),	user	interface,	working	memory	



















was	constructed	based	on	 fuzzy	 sets	or	membership	 functions.	 It	 gives	us	 the	opportunity	 to	















The	 shape	 of	 membership	 function	 could	 be	 defined	 based	 on	 efficiency,	 convenience	 and	






then	 logical	 rules.	 The	 values	 for	 these	 variables	 are	 defined	 on	 universe	 of	 discourse	 and	

















by	 using	 a	 set	 of	 linguistic	 rules	 attained	 from	 human	 experience.	 The	mamdani	 fuzzy	 logic	
operator	works	as	follows:	











of	nonlinear	mapping	of	crisp	input	vector	./ = ()0, )1, )2, …	)4)	to	a	crisp	output	vector	5/ =












Fuzzification	maps	 the	 crisp	 input	 data	 vector	 to	 the	 vector	 of	 corresponding	 input	 linguistic	
variables.	In	this	stage,	all	the	fuzzy	variables	including	input	and	output	and	their	membership	
functions	are	defined	(Usenik	J.	 ,	2012).	For	each	component	of	 input	vector	./,	 there	 is	one	
verbal	 variable	 )8 → 	:8	, ; = 1,2, … , >	 ,	 with	 linguistic	 values	 :8 = :08 , :18 , … , :?8 	 that	 are	
defined	 on	 the	 universe	 of	 discourse	 of	 the	 input	 variables.	Membership	 functions	 are	 then	
assigned	to	each	linguistic	value	"@AB ) , ; = 1,… , >; D = 1,… , E	.	Therefore,	fuzzification	maps	the	
crisp	values	of	each	component	of	an	input	to	a	set	of	membership	values;	
	 	 	 	)8 	→ "@AB )











This	 stage	 is	 the	 core	of	 a	 fuzzy	 system	where	a	 set	of	 rules	are	established	 that	 reveals	 the	
knowledge	about	the	object	of	concern.	Conditional	if-then	statements	are	used	for	presenting	






	 	 	 	 	 I = min{ "@NO )
0 	, "@NP )





	 	 	 	 I = max 	"@NO )
0 	, "@NP )
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50	 is	ZF0	 ,	51	 is	ZF1	 ,	 …	57	 is	Z[7.	Z[8 	 is	 the	 linguistic	 value	 D	 of	 the	 output	 variable	58.	 The	
membership	functions	of	consequent	are	cut	at	the	I	value	of	the	antecedent.			
In	a	fuzzy	inference	system	with	\	rules	and	]	output	linguistic	variables,	the	antecedents	are	




the	value	I`	and	the	rule	;	at	the	value	I8,	therefore,	Z[8 	are	cut	at	the	value	of	]a) I`, I8 .	The	
conclusion	of	the	rules	concerning	one	output	variable	must	be	combined	into	general	conclusion	
for	this	variable	which	is	an	“aggregation”	process	in	fuzzy	logic.	The	final	result	of	fuzzy	inference	
system	 is	 the	 integrated	 output	 fuzzy	 set	 for	 each	 output	 variable	 with	 their	 membership	











































D = 1,2, … . , _	is	the	number	of	linguistic	values	for	the	output	variables	58 		.	
"cAB






system	 that	 has	 been	 created	 in	MathWorks	MATLAB®	 software	 is	 replicated	 in	 the	 system	







frameworks,	which	 needs	 to	 be	 established	 by	 conceptual	models	 and	 processes.	Moreover,	




are	 required	 to	 be	 fuzzified/defuzzified	 and	 finally	 the	 information	 manipulation	 processes	
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Traditionally,	 Fuzzy	 logic	 approach	 is	 being	 used	 for	 language	 processing	 and	 imprecise	
knowledge	 in	expert	 systems,	process	 control	 and	pattern	 recognition	 (Karavezyris,	 Timpe,	&	
Marzi,	2002).	On	the	other	hand,	system	dynamics	literature	covers	wide	area	of	studies,	from	
environmental	 problems	 to	 socioeconomic	 and	 administrative	 issues.	 The	 first	 authors	 to	









system	 dynamics	 modeling.	 The	 author	 then	 exemplifies	 a	 case	 where	 fuzzy	 arithmetic	
operations	can	be	 implemented	 in	 the	 level,	 rate	and	auxiliary	equations	and	proposes	using	























contact	 patterns,	 infected	 conditions	 and	 hazards.	 They	 used	Mamdani’s	Max-Min	 inference	
method	 for	 Multiple-input	 Multiple-output	 (MIMO)	 model	 and	 the	 Center	 of	 Area	 (COA)	








dynamics	 simulation	 model	 for	 a	 simple	 heating	 system.	 The	 comparison	 illustrates	 the	
relationship	between	the	temperature	and	speed	of	heating	machine	under	different	scenarios	
consisting	crisp	or	fuzzy,	discrete	or	continuous,	linear	or	non-linear	parameters.	The	fuzzy	rules	
were	 defined	 for	 describing	 the	 relationship	 between	 the	 perceptions	 on	 desired	 speed	 of	
heating	machine	and	the	temperature	of	environment.	However,	the	authors	did	not	consider	
scenarios	with	different	fuzzy	variables	in	their	study.		






















analysis	 of	 supply	 chain	 models	 is	 a	 novel	 method	 that	 has	 permitted	 a	 better	 qualitative	















































































































































that	 actually	 addressed	 fuzzy	 logic	 in	 supply	 chain	dynamics.	Moreover,	 these	 studies	do	not	











Any	 research	 paradigm	 entails	 an	 ontology,	 an	 epistemology	 and	 methodology	 (Blanche,	







and	 epistemological	 assumptions.	 Methodology	 is	 defined	 as	 the	 foundation	 and	 reasoning	
behind	the	selection	of	methods	and	collection	of	concepts,	ideas	and	theories	(Bryman	&	Bell,	





As	 for	 the	 case	 of	 supply	 chain	 management	 research	 strategy	 and	 its	 ontological	 and	











Some	 scholars	 applied	 the	exiting	 frameworks	established	 in	other	 research	 fields	 to	 identify	
supply	chain	management	paradigm.	For	example,	Meredith	et	al.	(1989)	used	Meredith	model	
for	identifying	and	analyzing	logistics	models.	Dunn,	Seaker	&	Waller	(1994)	argue	that	supply	
chain	 and	 logistics	 research	 can	 be	 characterized	 into	 three	 fields:	 description	 of	 variables,	
understanding	 of	 informant	 impressions	 and	 rebuilding	 the	 reality.	 Burgess	 et	 al.	 (2006)	
investigated	a	total	number	of	hundred	articles	in	supply	chain	management	research	and	tried	





chain	management	 research.	Mentzer	&	Kahn	 (1995)	 found	out	 that	normative	 research	and	
exploratory	studies	were	mainly	 the	mainstream	of	 research	method	during	 the	period	when	




even	 though	 supply	 chain	 management	 research	 trend	 had	 been	 shifting	 from	 exploratory	
research	to	model	building	and	testing.	
It	has	been	argued	that	logistics	research	is	primarily	based	on	objective	and	external	perspective	
methods,	 such	 as	 experiments,	 surveys,	 literature	 studies	 etc.	 This	 indicates	 a	 gap	 in	
understanding	logistics	with	an	involved,	subjective	and	cognitive	perspective	(Frankel,	Naslund,	








philosopher	 Auguste	 Comte	 in	 nineteenth	 century.	 Positivists	 believe	 that	 social	 science	
phenomena	 should	 be	 studied	 in	 the	 same	 way	 of	 mindset	 as	 one	 studies	 natural	 sciences	




Kovács	 &	 Spens	 (2005)	 looked	 for	 a	 new	 reasoning	 approach	 for	 supply	 chain	management	
research	and	found	out	that	abductive	approach	suits	best.	Abductive	approach	combines	the	










































reality	 into	 smaller	 elements.	 In	 system	approach	 in	 logistics,	 researchers	 strive	 for	 a	holistic	

























































thinking	 approach	 is	 not	 clearly	 recognized	 as	 part	 of	 any	 social	 science	 school	 of	 thought.	
Besides,	the	system	approach	is	theory-driven	but	this	theory	is	rather	contextual	than	universal	
and	 lastly,	 the	 reality	 is	 objective	 and	 is	 prone	 to	 be	 influenced,	 so	 it	 is	 preferable	 that	 the	





According	 to	Gammelgaard	 (2004),	 supply	 chain	management	 field	 can	 be	 related	 to	 system	
thinking	approach	because	of	 its	 interdependencies	between	the	different	elements	of	supply	
chain.	 In	 system	 thinking	 approach,	 data	 collection	 and	 theory	 construction	 seem	 to	 happen	
simultaneously.	 Nonetheless,	 the	 reality	 is	 considered	 to	 be	 objective	 and	 hence	 it	 exists	
independently	from	human	thoughts	or	beliefs.		
The	 system	 approach	 enables	 the	 analysis	 of	 complex,	 dynamic	 feedback	 systems	 by	











According	to	Wolf	 (2008),	 research	strategy	can	be	categorized	 into	conceptual	and	empirical	
groups	whether	the	data	is	obtained	for	theory	generation	or	not.	Conceptual	research	strategy	
persuades	theoretical	debates	and	encourages	for	further	empirical	research.	The	main	objective	




for	 research	 analysis	more	 precise,	 simulation	 and	mathematical	modeling	 could	 be	 used	 to	
produce	artificial	data	(Wolf,	2008).	Moreover,	in	exploratory	research	method,	where	the	main	




































































This	 thesis	 is	 conducted	with	 structured	 and	 exploratory	 conceptual	 research	 strategies.	 The	
exploratory	strategy	is	used	for	investigating	the	literature	for	the	bullwhip	effect	phenomenon	






case	 study	 methodology	 can	 aid	 researchers	 to	 examine	 complex	 phenomena	 within	 their	
contexts.	 Yin	 (2003)	 suggests	 that	a	 case	 study	design	 should	be	used	when	 the	 focus	of	 the	
research	is	to	answer	“how”	and	“why”	questions	or	when	the	researcher	cannot	manipulate	the	
behavior	 of	 those	 involved	 in	 the	 case	 or	 when	 the	 researcher	 favors	 protecting	 contextual	
environments	 because	 they	 are	 relevant	 to	 the	 case	 study.	 Robson	 (2002),	 suggests	 that	 an	
exploratory	study	is	a	useful	tool	for	finding	“what	is	happening”,	“to	seek	new	insight”	and	“to	
assess	 phenomena	 in	 a	 new	 light”.	 Since	 this	 thesis	 needs	 to	 clarify	 the	 understanding	 of	 a	
problem	and	investigate	a	new	phenomenon,	exploratory	study	is	conducted.	















research	concerns	only	with	one	organization	as	a	whole,	 then	 the	 research	 is	a	holistic	 case	
study.	Embedded	case	study	occurs	when	one	wishes	to	examine	a	number	of	sub-units	within	
an	organization,	such	as	departments	or	work	groups	(Yin,	2003).		
Moreover,	generalizations	 from	cases	are	analytical	and	based	on	 reasoning.	There	are	 three	
principles	 for	reasoning:	deductive,	 inductive	and	abductive.	When	generalization	 is	based	on	
deductive	 approach,	 a	 hypothesis	 is	 expressed	 and	 testable	 consequences	 are	 resulted	 by	
deduction.	 Then	 the	 findings,	 which	 derived	 from	 theory	 and	 the	 case,	 are	 compared	 with	
empirical	findings	to	accept	or	reject	the	hypothesis.	The	second	type	of	generalization	is	reached	
through	 induction.	 This	 can	 be	 achieved	 through	 conceptualization,	 which	 is	 based	 on	 data	
gathered	from	the	case.		The	inductive	theory	generation	results	in	developing	a	set	of	related	
concepts.	The	third	type	of	generalization	is	called	abduction;	a	combination	of	deductive	and	




For	 modeling	 dynamic,	 time-dependent	 and	 feedback	 systems,	 mathematical	 modeling	 is	 a	












Variables	 in	 any	 dynamical	 system	 can	 change	 discretely	 or	 continuously	 over	 time	 and	




applied	 continuous	 control	 theory	 for	 inventory	 related	 problems.	 Winkner	 et	 al.	 (1992)	
formulated	Forrester’s	differential	equations	of	the	industrial	dynamics	model	into	block	diagram	
depiction	in	the	Laplace	domain.	Grubbström	&	Huynh	(2006)	analyzed	MRP	systems	for	ordering	
strategies	 such	 as	 Fixed	 Order	 Quantity,	 Fixed	 Period	 Requirement	 and	 Lot-for-Lot	 by	 using	














and	 additivity	 is	 considered	 linear.	 These	 two	 rules	 are	 often	 called	 as	 the	 principle	 of	
superposition.		
There	 is	an	extensive	 range	of	 techniques	 in	 the	 literature	 for	describing	and	analyzing	 linear	
systems.	The	literature	in	linear	control	theory	has	been	widely	used	in	supply	chain	dynamics.		
On	the	contrary,	nonlinear	system	is	described	as	a	system	which	its	behavior	does	not	follow	
the	 principle	 of	 superposition.	 This	 implies	 that	 the	 output	 in	 nonlinear	 systems	 is	 not	
proportional	to	the	input	(Atherton,	1975).		
System	 dynamics	 has	 been	 greatly	 used	 in	 analysis	 of	 supply	 chain	 systems	 with	 nonlinear	
behavior,	however,	the	application	of	quantitative	approaches	have	been	mostly	limited	to	linear	
supply	chain	systems.	Therefore,	experimental	simulation	method	is	mainly	used	in	the	literature	
for	 analyzing	 supply	 chain	 dynamics	 (Forrester	 J.	W.,	 1958;	 Sterman,	 1989;	 Shukla,	 Naim,	 &	





is	 largely	 dependent	 on	 the	 type	 of	 nonlinearity.	Mohapatra	 (1980)	 identified	 three	 types	 of	
nonlinearities	 in	 business	 dynamics	modeling:	 limiting	 functions,	 table	 functions	 and	 product	
operators.	The	author	then	suggests	techniques	to	deal	with	such	features	in	nonlinear	models	
including:	 removing	 unnecessary	 functions,	 linearization	 through	 averaging,	 best-fit	 line	
approximations	and	small	perturbation	theory.	Nonlinearities	are	comprehensively	classified	in	



















disregarded.	 Moreover,	 supply	 chain	 modelers	 might	 also	 be	 interested	 in	 implementing	
nonlinearities	that	do	not	exist	in	reality	for	enhancing	the	performance	measures.	These	types	
of	 nonlinearities	 have	 been	 applied	 in	 the	 following	 studies:	 “demand	 amplification	 versus	






model	 referred	to	 this	by	showing	the	delay	 in	 filling	orders	and	the	gap	between	actual	and	











relations	 for	 different	 regions.	 Most	 efforts	 in	 supply	 chain	 dynamics	 has	 been	 given	 in	
understanding	 the	 chaotic	 behaviors	 and	 their	 causes	 and	 subsequently	 in	 forming	 stability	







The	application	of	multi-valued	nonlinearities	 in	supply	chain	dynamics	modeling	 is	 limited	to	
certain	operational	strategies	that	are	reliant	on	cost	directions.		For	instance,	investigation	on	
global	sourcing	(Kouvelis,	1998)	and	manufacturing	strategies	(Kogut	&	Kulatilaka,	1994)	based	
on	 foreign	 exchange	 rate	 directions.	 In	 production-inventory	 control	 system,	 multi-valued	






different	 methods	 in	 linear	 system	 theory	 (Kolk	 &	 Lerman,	 1992).	 However,	 due	 to	 limited	
literature	 on	 the	 nonlinear	 control	 systems	 and	 analysis	 techniques,	 finding	 the	 existing	

















































signal	 is	 small.	Difficulty	 in	
calculating	the	kernels	and	
operators	 of	 the	 system,	




















































































only.	 Computation	 can	 be	
























function	 and	 averaging	 enables	 the	 nonlinear	 system	 to	 be	 tested	 through	 successive	
approximations	 in	 the	 form	 of	 power	 series	 (Kolk	 &	 Lerman,	 1992).	 The	 system	 can	 be	
approximated	using	perturbation	theory	only	when	it	can	be	characterized	by	the	Taylor	series	

































critical	 role	 in	 understanding	 the	 system’s	 behavior	 (Akkermans	 &	 Dellaert,	 2005).	 System	
dynamics	has	been	developed	by	Forrester	 (1961)	and	 includes	constructing	the	relationships	
between	variables	using	causal	loop	diagrams	(CLDs),	translating	these	relations	into	differential	
equations,	exposing	 the	 system	 to	a	disturbance	and	 then	analyzing	 the	output	 responses	 to	
recognize	the	cause	and	effect	relationships.		
When	formulating	system	dynamics	simulation	models,	four	major	elements	should	be	taken	into	





production	 control	 systems	 are	 level	 variables	 and	 the	 production	 rate	 and	 delivery	 rate	
determine	the	value	of	the	inventory	(inventory	level)	at	any	given	point	in	time.	Flow	rates	are	






It	 has	 been	 argued	 by	 many	 scholars	 that	 system	 dynamics	 is	 only	 capable	 of	 continuous	
modeling	and	simulation.	However,	assuming	∆g = 1,	continuous	equations	can	be	discretized	
into	difference	equations.	This	type	of	simulation	is	also	known	as	hybrid	simulation.	The	benefit	
of	discretization	 is	 time	 reduction	due	 to	 the	 fact	 that	 less	points	 are	 required	 for	numerical	
calculations.		In	this	thesis,	a	hybrid	simulation	is	employed	to	analyze	the	supply	chain	dynamics	
as	well	as	the	impact	of	fuzzy	decision	policy	on	the	bullwhip	effect.	












by	 the	 system	 (Forrester	 J.	 ,	 1968).	 Advances	 in	 computers	 and	 technology	 as	 well	 as	 the	








author	 demonstrated	 the	 information	 and	 material	 time	 delays,	 policies	 for	 inventory	
replenishment,	 forecasting	 and	 trend	 investigation	 through	 stocks	 (levels),	 flows	 (rates)	 and	
decision	functions.	Although	Forrester’s	industrial	model	is	considered	as	a	benchmark	of	supply	
chain	that	represents	the	bullwhip	effect,	it	is	an	oversimplified	model	of	reality.		
























ISACO’s	headquarter	 is	 responsible	 for	managing	 the	product	diversity	 and	 its	 representative	
offices	across	the	country.		
In	 the	recent	years,	 the	company	have	experienced	market	disturbance	due	to	emergence	of	














Primary	 observations	 of	 ISACO	 inventory	 sheets	 had	 showed	 that	 the	 company	 exhibits	
symptoms	of	the	bullwhip	effect	in	their	main	line	of	products.	The	company	regularly	struggled	
estimating	 the	 market	 demand	 for	 their	 products	 and	 subsequently	 had	 difficulties	 with	
operational	planning.	The	auditing	was	performed	only	at	the	manufacturing	echelon	and	did	not	
include	 other	 levels	 of	 supply	 chain	which	 possibly	 experienced	 disturbance	 in	 their	 demand	
signals	as	well.	Therefore,	ISACO	was	chosen	as	a	main	candidate	for	the	case	study	of	bullwhip	
effect.	 The	 selected	 product	 for	 this	 study	 is	 oxygen	 sensor	 for	 wide	 range	 of	 Peugeot	
automobiles.	 This	product	 line	 is	one	of	 the	bestselling	and	most	 importantly	a	product	with	
prominent	contribution	in	company’s	overall	performance.	
ISACO	exhibits	typical	processes	of	a	push	production	system.	Customers	receive	their	monthly	
needs	 from	 inventory	 which	 results	 from	 the	 balance	 of	 demand	 and	 production	 outcome.	
ISACO’s	production	planning	estimates	are	based	on	a	monthly	forecast,	firm’s	budget,	orders	in	
place	 and	 safety	 stock	 margin.	 As	 in	 classic	 pushed-based	 environments,	 ISACO	 operation	
policies,	 product	 design	 and	 hardware	 are	 dedicated	 to	 economies	 of	 scale	 through	 mass	
production.	Production	plan	serves	as	an	input	for	calculating	the	replenishment	plan.		
The	 company’s	 delivery	 time	 is	 one	 week	 for	 distributors	 and	 varies	 for	 assembly	 line	
consumption,	 depending	 on	 availability	 of	 raw	 materials,	 production	 capacity,	 demanded	
amount	and	desired	delivery	date.	In	this	case	study,	the	company’s	policy	is	to	undertake	only	
orders	that	have	been	placed	two	weeks	in	advance.	
Distribution	channel	plays	an	 important	 role.	They	have	been	authorized	and	 licensed	by	 the	
company	to	be	the	official	distributor	of	ISACO	(In	this	research	called	Agents)	and	hence	are	in	

















There	 are	 number	 of	 assumptions	 regarding	 the	 presented	 supply	 chain	 model	 that	 are	
addressed	thoroughly	as	follows;		
1. The	 model	 is	 divided	 into	 three	 main	 divisions	 where	 each	 individual	 company	 is	






3. There	 are	 no	major	 constraints	 in	 capacity,	 labor	 force	 and	 quality	 control	 (defective	






and	 inventory	with	consumer	 forecasts.	The	make	 to	stock	policy	however,	 requires	a	

























as	 illustrated	 in	 the	 figure	 below.	 SR,	 DSR	 and	MSR	 stand	 for	 shipment	 rate,	 desired	
shipment	rate	and	maximum	shipment	rate,	respectively.	The	horizontal	line	where	order	
fulfillment	 ratio	 equals	 1	 represents	 the	 case	 that	 shipments	 always	 equal	 desired	
shipments.	 If	 the	 shipment	 rate	 goes	 below,	 then	 shipment	 rate	 equals	 maximum	
shipment	rate	(SR=MSR).	In	reality,	the	actual	relationship	happens	in	the	area	to	the	right	





















A	 supply	 chain	model	 is	 a	 combination	 of	 several	 nodes	 and	 can	 be	 created	 by	 aggregating	
multiple	 generic	 echelon	 models	 (Sterman,	 2000).	 Every	 node	 in	 supply	 chain	 represents	
different	company	and	therefore	requires	a	degree	of	customization.	In	this	case	study,	a	generic	
system	 dynamics	 model	 is	 used	 for	 each	 echelon	 as	 a	 template	 which	 has	 further	 been	
customized	to	the	specific	configuration	of	the	case	study	(Forrester	J.	W.,	1961;	Olivia,	1996).	
The	proposed	supply	chain	model	is	shown	in	Figure	19	which	includes	three	echelons;	Retailer,	




then	 triggers	 the	 order	 fulfillment	 process.	 Ordering	 process	 and	 forecasting	 influence	 the	




the	 rules	 and	 logics	 considered	 in	 retailer’s	 echelon	 is	 also	 applied	 for	 the	 distributor	 and	
manufacturer.	 For	 example,	 Order	 Fulfillment	 process	 which	 is	 influenced	 by	 inventory	 and	
backlog,	 is	 only	 different	 in	 the	 parameters	 in	 each	 echelon.	 However,	 in	 the	 distributor’s	
echelon,	 procurement	 process	 is	 needed	 in	 order	 to	 adjust	 the	 in-transit	 flow	 of	 products.	
Multiple	feedback	mechanisms	between	on-hand	and	backlogged	products,	forecasted	demand	
and	lead	times	regulate	the	in-line	product	flow.		
The	 left	 rectangular	 represents	 the	 manufacturer	 model	 which	 includes	 order	 fulfillment,	
production	and	procurement	processes.	The	manufacturer’s	supplier	 is	considered	exogenous	













Figure	 20	 shows	 the	 manufacturing	 echelon	 in	 detail;	 describing	 the	 key	 variables	 and	





system	and	perceived	sales	determines	 the	amount	 to	be	produced.	This	 strategy	of	pushed-













The	 variable	 Order	 Rate	 from	 Agents	 shows	 the	 incoming	 orders	 from	 the	 distributor	 and	
therefore	 it	 is	 not	 an	 exogenous	 variable	 to	 the	model.	 Since	 the	 order	 rate	 represents	 the	





























































accordance	 to	 the	actual	 incoming	demand	and	 the	current	 status	of	 the	demand	within	 the	
review	time	as	it	is	shown	in	the	equation	below;	
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Production	scheduling	and	 replenishment	of	 inventory	are	determined	based	on	 the	demand	
forecast,	inventory	strategies	and	the	inventory	level.	Desired	Inventory	variable	is	defined	as	the	
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The	 real	 Production	 Start	 Rate	 however,	 transfers	 the	 items	 to	 be	manufactured	 in	Work	 in	
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Maximum	 Production	 Rate	 indicates	 the	 available	 Work	 in	 Process	 Inventory	 that	 can	 be	
processed	 in	 Manufacturing	 Lead	 time.	 Hence,	 both	 production	 rates	 rely	 on	 Maximum	
Production	Rate.		
	















A	 nonlinear	 table	 function	 has	 been	 employed	 to	 replicate	 the	 allocation	 policy	 for	 actual	
production	 decisions.	 Table	 for	 Production	 variable	 is	 shown	 in	 the	 Figure	 22	 where	
demonstrates	the	importance	of	production	for	assembly	line	over	the	distributors	(Agents).		The	
table	 function	 takes	Desired	Assembly	 Line	Production	 and	Desired	Production	 as	 inputs	 and	
gives	an	output	policy	through	a	nonlinear	function.	Relation	Between	Desired	Production	stays	
zero	until	 the	Desired	Production	 is	half	of	 the	Desired	Assembly	Line	Production	meaning	all	
resources	will	be	allocated	to	the	assembly	 line.	When	they	become	equal,	Relation	between	
Desired	Production	just	assigns	40	percent	of	resources	to	the	distributor’s	orders.	Only	when	
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Figure	23	demonstrates	the	procurement	and	material	management	structure.		Material	Delivery	
Rate	and	Material	Usage	Rate	which	are	 the	 inflow	and	outflow	of	 receiving	and	dispatching	
materials	for	production,	control	the	stock	of	Material	Inventory.	Hence;		
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Considering	 the	 limitations	 in	 Materials	 Management	 due	 to	 limited	 availability	 of	 Material	
Inventory,	Material	 Usage	 Ratio	 is	 expressed	 as	 the	 fraction	 of	 Desired	Material	 Usage	 that	
















Material	Usage	Rate	 is	 the	 amount	of	 components	provided	 to	Production.	 	 To	 calculate	 the	
feasible	 number	 of	 items	 to	 start	 production	 or	 in	 other	 words	 the	 Production	 Start	 Rate,	
following	formulation	is	used;			
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and	so;	







determined	by	 the	Manufacturer.	Moving	Average	 is	used	as	a	way	of	 forecasting	method	 in	
Procurement.		
Material	 Forecast	 accumulates	 the	 changes	 in	 every	Material	 Forecast	 Adjustment	 time.	 The	
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Similar	 to	 the	 Manufacturer,	 the	 Distributor	 follows	 a	 push-based	 policy	 and	 most	 of	 the	
processes	and	policies	are	the	same.		Figure	26	illustrates	the	Distributor	structure	which	holds	a	
lot	of	similarities	to	the	Manufacturer,	except	that	the	distributor	echelon	lacks	manufacturing	






Replenishment	 Rate	 triggers	 the	 Procurement	 process.	 Considerations	 regarding	 the	 current	
orders,	 forecast,	 current	 stock	 and	 safety	 coverage	 have	 been	 made	 when	 formulating	 the	
Desired	 Replenishment	 Rate.	 Desired	 Replenishment	 Rate	 can	 be	 translated	 into	 Desired	
Incoming	 Units	 from	 the	 Manufacturer	 when	 Enlistment	 Time	 which	 is	 the	 time	 that	 the	
Manufacturer	process	and	delivers	an	order	has	been	taken	into	account.	So	it	can	be	formulated	
as;	









taking	 the	 Distributor’s	 Units	 In-Transit	 and	 the	 Adjustment	 Time	 into	 consideration,	 the	
Adjustment	from	In-Transit	Units	can	be	attained.	Thus;	
!"#$"%&'(%	*+,&	-(.+/("0%	1(0%"






















division	 are	 not	 explained	 in	 this	 section.	 However,	 the	 input	 and	 output	 of	 the	 model	 are	
important	for	explanation.	Incoming	Demand	is	the	input	for	both	retailer	and	the	entire	supply	















trust	 the	 model	 to	 adjust	 its	 response	 to	 a	 known	 system	 response	 by	 changing	 the	 unset	
variables	 and	 not	 collecting	 more	 data	 from	 reality.	 The	 model	 structure	 receives	 higher	









detecting	 the	possible	 reasons	 for	 the	differences	and	 finally	adjusting	 the	parameters	of	 the	
model	 by	 hand	 to	 correct	 these	 discrepancies.	 The	 process	 of	 parameters	 adjustments	 and	
estimations	 in	manual	calibration	 is	based	on	the	modeler’s	experience	and	expert’s	opinions	
(Lyneis	&	Pugh,	1996).	On	the	other	hand,	statistical	analysis	can	be	used	to	make	parameter	
estimation	process	more	 robust.	Two	major	approaches	 that	have	been	adopted	 for	a	better	
parameter	 estimations	 are:	 full	 information	 maximum	 likelihood	 through	 optimal	 filtering	
(FIMLOF)	 and	model	 reference	optimization	 (MRO)	which	 is	 based	on	nonlinear	 optimization	
algorithms	 (Olivia,	 2003).	 Since	 these	 approaches	 are	 vastly	 reliant	 on	 data	 and	 extensive	
computations,	many	simulation	software	offer	automated	calibration	(AC)	features.		
For	the	sake	of	simplicity,	manual	calibration	is	selected	in	this	research	model	with	the	following	












Parameters	 Values	 Parameters	 Values	
































































Boundary	 adequacy	 tests	 examine	 the	 relevance	 of	 the	model	 boundary	 for	 the	 purpose	 of	
research,	meaning	that	the	critical	variables	of	the	model	to	address	the	problem	are	endogenous	




direct	 interviews	 with	 supply	 chain	 experts	 to	 attain	 their	 opinions	 and	 approval	 and	 more	







knowledge	 of	 the	 system.	 It	 emphasizes	 on	 the	 appropriateness	 of	 aggregation	 level,	 the	




In	 this	 research,	 in	 addition	 to	 inspections	 for	model	 behavior	 under	 different	 scenarios,	 the	
rationality	of	the	model	has	also	been	checked	with	the	supply	chain	experts	in	the	company.	
Partial	model	tests	have	been	performed	for	rationality	of	the	individual	rules.	For	instance,	the	
























Firstly,	 it	 is	 critical	 to	make	 sure	every	 constant	parameter	 in	 the	model	has	 a	 clear,	 real-life	
meaning.	 In	other	words,	all	 the	parameters	need	to	have	real	world	counterparts.	Secondly,	









The	 idea	 of	 extreme	 condition	 test	 is	 to	 measure	 the	 robustness	 of	 the	 model	 in	 different	
scenarios.	It	indicates	the	strength	of	a	model	when	extreme	inputs	or	imposed	policies	do	not	





been	 exposed	 to	 extreme	 values	 for	 inputs	 in	 each	 supply	 chain	 echelon	 and	 the	 model	
responded	 in	 a	 rational	way.	 Two	major	 extreme	 condition	 tests	 has	 been	 conducted	 in	 the	
Manufacturing	echelon.	The	reason	for	choosing	Manufacturing	echelon	is	that	the	Retailer	and	



















































































































Sensitivity	analysis	 tests	 the	 robustness	of	 the	conclusions	against	uncertainties	 in	 the	model	
assumptions.	There	are	different	types	of	sensitivity.	Numerical	sensitivity	deals	with	the	fact	that	
changing	 assumptions	 would	 change	 the	 numerical	 values	 of	 the	 results.	 Behavior	 mode	
sensitivity	 refers	 to	behavior	pattern	changes	due	 to	a	 change	 in	 the	assumptions	and	 finally	
Policy	sensitivity	appears	when	a	change	in	assumptions	reverse	the	effects	of	a	suggested	policy.	




analysis	have	been	performed	 for	 the	parameters	of	B.*(&;	B&,/H	I,J(+.8(	 in	 the	 retailer,	
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The	supply	chain	model	uses	 the	 judgment	of	 the	decision	makers	 for	 replenishment	policies	
which	is	considered	as	a	soft	variable.		There	are	two	major	phases	in	modeling	a	soft	variable	


















































And	 lastly,	 defuzzification	 process	 where	 the	 outcome	 of	 the	 fuzzy	 inference	 system	 (FIS)	 is	
generated	in	crisp	values.	The	Surface	illustration	of	fuzzy	inference	system	with	inputs/output	









the	 input	7$/,-%$8	M(-.$) = 5( + 04,	rules	11,	12,	13,	14	and	15	are	almost	70%	fulfilled	













input	 linguistic	variables;	Fuzzy	 Inference,	which	a	specific	conclusion	 is	derived	 from	a	set	of	











give	 different	 results.	 However,	 the	 most	 frequently	 used	 methods	 are	 “Largest	 of	 the	
maximum”,	“Mean	of	the	maximum”,	“First	of	the	maximum”,	“Center	of	the	maximum”,	“Height	






Variables	 ELD	 to	 EHD	 are	 abbreviations	 for	 “Extremely	 Low	 Demand”	 and	 “Extremely	 High	
Demand”.	Similar	contractions	apply	for	ELI	to	EHI	as	“Extremely	Low	Inventory”	and	“Extremely	
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R1	to	R25	represent	the	fuzzy	rules	which	employ	MIN	function	for	each	fuzzy	pair.	Max	function	
is	 used	 for	 Aggregation	 of	 all	 the	 conclusions	 for	 certain	 values	 into	 one	 conclusion,	 as	 for	
example	ELU	(Extremely	Low	Unit):	




L1 = 7R	?SAT	A<BA(	0 < A<L	, A<L ∗ I1	, 0	)	
and	so;	
























model	 are	 unchanging	 which	 requires	 all	 net	 flows	 in	 the	 system	 to	 be	 zero.	 A	 balanced	
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= M%3&+%4#&,+	9+)(+	!.&( ∗ M%3&+%4#&,+	?.+8(&	M(5%J(+;	M(5.;	
7$%&%.5	J.5#(	 M%3&+%4#&,+	R,+(/.3& = M%3&+%4#&,+	9+)(+	!.&(	











= 	@.$#*./&#+(+	9+)(+	!.&(	*+,-	:8($&3 ∗ @.$#*./&+#(+	?.+8(&	M(5%J(+;	M(5.;	
7$%&%.5	J.5#( @.$#*./&#+(+	R,+(/.3& = @.$#*./&#+(+	9+)(+	!.&(	*+,-	:8($&3	
7$%&%.5	J.5#( @.&(+%.5	R,+(/.3& = @.&(+%.5	L3.8(	!.&(	
7$%&%.5	J.5#( @.$#*./&#+(+	\,+H	%$	C+,/(33	7$J($&,+; = @.$#*./&#+(+	M(3%+()	\7C	
7$%&%.5	J.5#( @.&(+%.5	7$J($&,+; = 	M(3%+()	@.&(+%.5	7$J($&,+;	
	
b. Modified	Equations	
L$%&3	T(()()	*+,-	&ℎ(	M%3&+%4#&,+ = @.^ 0, !(&.%5(+	:)_#3&-($&	*+,-	7$J($&,+; + !(&.%5(+	R,+(/.3& 	
M%3&+%4#&,+	M(3%+()	!(65($%3ℎ-($&	!.&(
= @.^ 0, M%3&+%4#&,+	:)_#3&-($&	*+,-	7$J($&,+; + M%3&+%4#&,+	R,+(/.3& 	
L$%&3	T(()()	*+,-	@.$#*./&#+(+
= @.^ 0, M%3&+%4#&,+	:)_#3&-($&	*+,-	%$?+.$3%&	L$%&3 + M(3%+()	!(65($%3ℎ-($&	!.&( 	
M(3%+()	:33(-45;	<%$(	C+,)#/&%,$






= @.^ 0,@.$#*./&#+(+	:)_#3&-($&	*,+	\7C + M(3%+()	:33(-45;	<%$(	C+,)#/&%,$
+ M(3%+()	:8($&3	C+,)#/&%,$ 	
M(3%+()	@.&(+%.5	M(5%J(+;	!.&(
= @.^(0, :)_#3&-($&	*,+	@.&(+%.5	7$J($&,+; + M(3%+()	@.&(+%.5	L3.8(	!.&()	
	























Thus	 far,	 the	 Incoming	 Orders	 for	 Assembly	 Line	 is	 considered	 constant	 and	 zero.	 The	 next	
analysis	 involves	 taking	 the	demand	 for	assembly	 line	 into	consideration.	The	 results	 for	20%	
increase	 in	 Incoming	 Demand	 to	 the	 supply	 chain	 and	 20%	 increase	 in	 Incoming	 Orders	 for	
Assembly	Line	are	shown	in	the	Figures	46	and	47.	The	formulations	for	two	demands	are	as;	
7$/,-%$8	M(-.$) = 1000 + B?AC 200, 40 	
















As	 it	 is	clearly	evident	 in	 the	Figure	47,	adding	another	step	 input	 into	the	system	makes	the	
model	 oscillate	 severer	 and	 hence	 the	 bullwhip	 effect	 in	 Material	 Inventory	 becomes	 more	
intense.		
Furthermore,	 the	 impact	 of	 demand	 amplifications	 in	 Production	 Rate	 is	 noticeable.	 The	
amplification	in	Production	Rate	for	Agent	Orders	is	much	greater	as	a	result	of	fewer	disparities	
in	its	input	signal	and	substantial	production	inconsistency	due	to	delayed	scheduling	initiated	by	
























The	 focus	 of	 this	 study	 has	 been	mainly	 on	 the	Manufacturing	 echelon	 as	well	 as	 supplier’s	
behavior.	The	analysis	and	results	indicates	the	existence	of	the	bullwhip	effect	within	the	studied	
supply	 chain.	 Taking	 actual	 data	 into	 consideration,	 the	 results	 for	 major	 stocks	 and	 flows	

















time	 which	 previously	 called	 Forrester	 effect.	 Distortion	 in	 demand	 information	 has	 widely	
spread	out	throughout	the	supply	chain	which	is	used	for	decision	making.	In	addition	to	that,	























































In	order	 to	 correct	 the	undesirable	behavior	of	 production	plan,	 using	 an	Adaptive	Network-
based	Fuzzy	Inference	System	(ANFIS)	learning	algorithm	is	recommended,	where	the	degree	of	
memberships	 for	each	parameter	 is	optimized	 to	 serve	 the	purpose	of	 the	model.	ANFIS	 can	











































bullwhip	 effect	 in	 a	 single-product,	 multi-stage	 supply	 chain	 system.	 The	 procedures	 and	
outcomes	of	this	study	are	as	follows:	
	















The	 manual	 model	 calibration	 was	 performed	 by	 setting	 the	 calibration	 reference	 variable,	
identifying	the	known	variables	with	their	estimated	values	and	identifying	the	parameters	to	be	
calibrated.	 After	 running	 the	 simulation	 model	 for	 several	 times,	 the	 reference	 variable	
(Manufacturer	Inventory)	produced	a	decent	fit	to	the	actual	pattern.		






This	study	proposed	a	procedure	 to	dampen	the	Forrester’s	effect	by	 replacing	 the	 inventory	
replenishment	 decision	 making	 with	 fuzzy	 logic.	 Two	 main	 phases	 were	 designated	 in	













Demand	 and	 20%	 increase	 in	 Incoming	 Orders	 for	 Assembly	 Line.	 The	 results	 indicated	 that	
demand	signal	processing	is	one	the	main	causes	of	the	bullwhip	effect	in	the	system.	This	means	
that	 a	 slight	 change	 in	 demand	 sends	 incorrect	 signals	 to	 the	next	 echelon	which	 creates	 an	
















System	 dynamics	 depends	 heavily	 upon	 quantitative	 data	 to	 produce	 feedback	 models.	
Qualitative	data	 and	 their	 analysis	 also	play	 a	 key	 role	 in	modeling	process	 at	 various	 levels.	
Although	 the	 classical	 literature	 on	 system	 dynamics	 solidly	 support	 this	 argument,	 the	
procedures	to	integrate	this	information	during	the	modeling	process	are	not	specified	by	most	






















reasoning	 and	 decisions.	 The	 benefit	 of	 using	 fuzzy	 logic	 over	 other	 approaches	 to	 support	
decision	making	is	that	the	language	is	flexible,	simple	and	easy	enough	to	understand	(Salles,	
Neto,	&	Marujo,	2016).		










system	 dynamics	 is	 to	 identify	 the	 structural	 cause	 of	 a	 system	 behavior.	 Demand	 signal	
processing,	 non-zero	 lead	 time,	 order	 lot	 sizing,	 product	 price	 fluctuation,	 rationing	 and	
forecasting	are	considered	as	major	causes	of	the	bullwhip	effect.	In	this	case	study,	the	sources	
of	bullwhip	effect	in	manufacturing	echelon	is	traced	to	input	signal	processing,	poor	forecasting,	
large	 batch	 sizes	 in	 pushed-based	 production	 and	 long	 lead	 times	 from	 the	 suppliers	 that	
consequently	 result	 in	 enlarged	 batch	 orders.	Moreover,	 demand	 forecasting	 used	 in	 supply	
chain	 and	 production	 planning	 is	 considered	 fuzzy	 in	 nature	 due	 to	 its	 incompleteness	 and	
sometimes	unattainability	of	the	data	which	can	be	only	acquired	subjectively	(Chen	&	Chang,	


























future	 research	 work	 should	 focus	 on	 defining	 universal	 membership	 functions	 based	 on	
Adaptive	Network-based	Fuzzy	Inference	System	(ANFIS)	learning	algorithm	where	the	degree	of	



































































































































































































































































































































































































 Units: Units 
  
AD=IF THEN ELSE(70000<=Incoming Demand 0:AND:Incoming Demand 0<95000, (Incoming Demand 
0-70000)/(95000-70000), IF THEN ELSE(95000<=Incoming Demand 0:AND:Incoming Demand 0 
<120000, (120000-Incoming Demand 0)/(120000-95000), 0)) 
Units: Units 
 
AI=IF THEN ELSE(35000<=Inventory Level:AND:Inventory Level<45000, (Inventory Level-
35000)/(45000-35000), IF THEN ELSE(45000<=Inventory Level:AND:Inventory Level<60000, (60000-
Inventory Level)/(60000-45000), 0)) 
Units: Units 
 
AU=MAX( R3 , MAX( R6 , MAX( R8 , MAX( R12 , R25 ) ) ) ) 
Units: Units 
 


















D AA=D AU+D EHU+D ELU+D HU+D LU 
Units: Units 
 
D AD=IF THEN ELSE(50000<=D Incoming Demand 0:AND:D Incoming Demand 0<65000, (D 
Incoming Demand 0-50000)/(65000-50000), IF THEN ELSE(65000<=D Incoming Demand 0:AND:D 
Incoming Demand 0<80000, (80000-D Incoming Demand 0)/(80000-65000), 0)) 
Units: Units 
 
D Adjustment from distributor Inventory= 
 (D desired inventory-D Inventory)/D Time to Adjust Inventory 
Units: Units/Week 
 
D adjustment from in transit units= 






 IF THEN ELSE(40000<=D Inventory Level:AND:D Inventory Level<50000, (D Inventory 
Level-40000)/(50000-40000), IF THEN ELSE(50000<=D Inventory Level:AND:D Inventory 
Level<60000, (60000-D Inventory Level)/(60000-50000), 0)) 
Units: Units 
 
D Arrival Rate= 
 D maximum units rate 
Units: Units/Week 
 
D AU=MAX( D R3 , MAX( D R6 , MAX( D R8 , MAX( D R12 , D R25 ) ) ) ) 
Units: Units 
 
D Backlog for Orders= INTEG ( 
 D order rate-D fulfillment rate, 
  D Backlog For Orders initial value) 
Units: Units 
 




D BB=(IF THEN ELSE( D AA>0 , D AA , 1 ))/D unitcon 
Units: Dmnl 
 
D Change Incoming orders= 
 (Received orders from clients-D Forecast)/D forecast adjustment time 
Units: Units/(Week*Week) 
 
D Delivery delay= 
 ZIDZ( D Backlog for Orders , D fulfillment rate) 
Units: weeks 
 
D desired incoming units= 
 D Desired replenishment rate*D enlistment time 
Units: Units 
 
D desired inventory= 
 D Forecast*D desired inventory coverage 
Units: Units 
 
D desired inventory coverage= 
 D minimum order lead time+D safety stock 
Units: weeks 
 
D Desired replenishment rate= 





D Desired shipment rate= 




 IF THEN ELSE(100000<=D Incoming Demand 0:AND:D Incoming Demand 0<130000, ( 
D Incoming Demand 0-100000)/(130000-100000), IF THEN ELSE(130000<=D Incoming Demand 0 




 IF THEN ELSE(70000<=D Inventory Level:AND:D Inventory Level<90000, (D Inventory Level 








 IF THEN ELSE( 10000<=D Incoming Demand 0:AND:D Incoming Demand 0<20000, 1 , IF 
THEN ELSE( 20000<=D Incoming Demand 0:AND:D Incoming Demand 0<50000, (50000-D Incoming 




 IF THEN ELSE(D Inventory Level<20000, 1, IF THEN ELSE(20000<=D Inventory 




 MAX( MAX( D R5 , D R10 ) , MAX( D R13 , MAX( D R14 , MAX( D R15 , D R20 )  
) ) ) 
Units: Units 
 




D Forecast= INTEG ( 
 D Change Incoming orders, 
  Received orders from clients) 
Units: Units/Week 
 




D fulfillment rate= 










 IF THEN ELSE(80000<=D Incoming Demand 0:AND:D Incoming Demand 0<90000, (D 
Incoming Demand 0-80000)/(90000-80000), IF THEN ELSE(90000<=D Incoming Demand 0:AND:D 




 IF THEN ELSE(50000<=D Inventory Level:AND:D Inventory Level<60000, (D Inventory Level 
-50000)/(60000-50000), IF THEN ELSE(60000<=D Inventory Level:AND:D Inventory Level<70000, 




 MAX( D R11 , MAX( D R18 , MAX( D R23 , D R24 ) ) ) 
Units: Units 
 
D Incoming Demand 0= 
 D desired incoming units 
Units: Units 
 
D Inventory= INTEG (D Arrival Rate-D shipment rate,D desired inventory) 
Units: Units 
 




 IF THEN ELSE( 40000<=D Incoming Demand 0:AND:D Incoming Demand 0<60000 , ( 
D Incoming Demand 0-40000)/(60000-40000) , IF THEN ELSE( 60000<=D Incoming Demand 




 IF THEN ELSE(30000<=D Inventory Level:AND:D Inventory Level<40000, (D Inventory Level 
-30000)/(40000-30000), IF THEN ELSE(40000<=D Inventory Level:AND:D Inventory Level <50000, 








D maximum shipment rate= 





D maximum units rate= 
 D Units in Transit/D enlistment time 
Units: Units/Week 
 




D order fulfillment ratio= 
 Table for distributor orders(ZIDZ( D maximum shipment rate , D Desired shipment rate )) 
Units: Dmnl 
 
D order rate= 








































































































 MIN( D HI , D LD ) 
Units: Units 
 




D shipment rate= 
 D order fulfillment ratio*D Desired shipment rate 
Units: Units/Week 
 






































D Units in Transit= INTEG ( 
 Incoming units from manufacturer-D Arrival Rate, 
  D desired incoming units) 
Units: Units 
 
D Units Needed= 
 (D U1+D U2+D U3+D U4+D U5)/D BB 
Units: Units 
 





 IF THEN ELSE(140000<=Incoming Demand 0:AND:Incoming Demand 0<160000, (Incoming 
Demand 0 




 IF THEN ELSE(80000<=Inventory Level:AND:Inventory Level<100000, (Inventory Level 








 IF THEN ELSE( 10000<=Incoming Demand 0:AND:Incoming Demand 0<25000, 1 , IF THEN 
ELSE 
( 25000<=Incoming Demand 0:AND:Incoming Demand 0<50000, (50000-Incoming Demand 0 




 IF THEN ELSE(Inventory Level<25000, 1, IF THEN ELSE(25000<=Inventory Level 









FINAL TIME 0  = 157 
Units: Week 
The final time for the simulation. 
 
Fuzzy Adjusted Units Needed= 
 Units Needed/R Fuzzy Review time 
Units: Units/Week 
 
Fuzzy Adjusted Units Needed from Manufacturer= 
 D Units Needed/D Fuzzy Review time 
Units: Units/Week 
 
Fuzzy Desired Production= 
 M Units Needed/M Fuzzy Reviw Time 
Units: Units/Week 
 





 IF THEN ELSE(120000<=Incoming Demand 0:AND:Incoming Demand 0<135000, (Incoming 
Demand 0 
-120000)/(135000-120000), IF THEN ELSE(135000<=Incoming Demand 0:AND:Incoming Demand 0 




 IF THEN ELSE(50000<=Inventory Level:AND:Inventory Level<65000, (Inventory Level 
-50000)/(65000-50000), IF THEN ELSE(65000<=Inventory Level:AND:Inventory Level 
<80000, (80000-Inventory Level)/(80000-65000), 0)) 
Units: Units 
 










Incoming Demand 0= 
 R desired inventory 
Units: Units 
 






"Incoming Orders from distributors (ISACO Agents)"= 
 "units needed from manufacturer (ISACO)" 
Units: Units/Week 
 
Incoming units from distributor= 
 D fulfillment rate 
Units: Units/Week 
 
Incoming units from manufacturer= 
































 IF THEN ELSE( 40000<=Incoming Demand 0:AND:Incoming Demand 0<55000 , (Incoming 
Demand 0 
-40000)/(55000-40000) , IF THEN ELSE( 55000<=Incoming Demand 0:AND:Incoming Demand 0 




 IF THEN ELSE(30000<=Inventory Level:AND:Inventory Level<35000, (Inventory Level 
-30000)/(35000-30000), IF THEN ELSE(35000<=Inventory Level:AND:Inventory Level 
128	
	








 M AU+M EHU+M ELU+M HU+M LU 
Units: Units 
 
M Actual Delivery Delay= 




 IF THEN ELSE(140000<=M Incoming Demand 0:AND:M Incoming Demand 0<180000, ( 
M Incoming Demand 0-140000)/(180000-140000), IF THEN ELSE(180000<=M Incoming Demand 0 




M Adjustment for agents Inventory= 
 (M Desired Inventory - M Inventory for Agents)/M Inventory adjustment time 
Units: Units/Week 
 
M Adjustment for Material Inventory= 
 (M Desired Material Inventory - M Material Inventory)/M Materials Inventory Adjustment Time 
Units: Components/Week 
 
M Adjustment for WIP= 
 (M Desired WIP - M Work in Process Inventory)/M WIP Adjustment Time 
Units: Units/Week 
 
M Adjustment from AssemblyLine Inventory= 




M Agents Forecast = INTEG ( 
 M change in Forcast, 
  "Incoming Orders from distributors (ISACO Agents)") 
Units: Units/Week 
 
M agents Order Fulfillment Ratio= 





M Agents Shipment Rate= 
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 IF THEN ELSE(50000<=M Inventory Level:AND:M Inventory Level<75000, (M Inventory 
Level 
-50000)/(75000-50000), IF THEN ELSE(75000<=M Inventory Level:AND:M Inventory Level 
<100000, (100000-M Inventory Level)/(100000-75000), 0)) 
Units: Units 
 




M AssemlyLine Delivery Delay= 
 ZIDZ(M Backlog AssemlyLine Orders,M AssemlyLine Order Fulfillment Rate) 
Units: weeks 
 
M AssemlyLine Inventory Coverage= 
 ZIDZ(M Inventory for Assembly line,M AssemlyLine Shipment Rate) 
Units: weeks 
 
M AssemlyLine Order Fulfillment Rate= 
 M AssemlyLine Shipment Rate 
Units: Units/Week 
 
M AssemlyLine Order Fulfillment Ratio= 
 Table for AssemblyLine Order Fulfillment(ZIDZ(M Maximum AssemblyLine Shipment Rate 




M AssemlyLine Order Rate= 
 (Incoming Orders from AssemblyLine)*(1-Run the model in Equilibrium 1ON)+( 
Run in Equilibruim Incoming orders from Assemblyline)*Run the model in Equilibrium 1ON 
Units: Units/Week 
 
M AssemlyLine Shipment Rate= 
 M AssemlyLine Order Fulfillment Ratio*M Desired AssemlyLine Shipment Rate 
Units: Units/Week 
 





 MAX( M R3 , MAX( M R6 , MAX( M R8 , MAX( M R12 , M R25 ) ) ) ) 
Units: Units 
 






M Backlog AssemlyLine Orders= INTEG ( 
 M AssemlyLine Order Rate-M AssemlyLine Order Fulfillment Rate, 
  0) 
Units: Units 
 
M Backlog Orders from agents= INTEG ( 
 "M Order Rate from Agents(D)"-M Order Fulfillment Rate, 




 (IF THEN ELSE( M AA>0 , M AA , 1 ))/M unitcon 
Units: Dmnl 
 
M change in Forcast= 




M Desired AssemblyLine Inventory= 
 M Backlog AssemlyLine Orders 
Units: Units 
 
M Desired AssemblyLine Production= 
 MAX(0,M Adjustment from AssemblyLine Inventory) 
Units: Units/Week 
 
M Desired AssemlyLine Shipment Rate= 
 M Backlog AssemlyLine Orders/M AssemlyLine Target Delivery Delay 
Units: Units/Week 
 
M Desired Inventory= 
 (M Agents Forecast*M Desired Inventory Coverage) 
Units: Units 
 
M Desired Inventory Coverage= 
 M Safety Stock Coverage+M minimum Order LeadTime for agents 
Units: weeks 
 
M Desired Material Delivery Rate= 
 MAX(M Adjustment for Material Inventory, 0) 
Units: Components/Week 
 
M Desired Material Inventory= 
 M Desired Material Usage Rate*M Desired Material Inventory Coverage 
Units: Components 
 
M Desired Material Inventory Coverage= 





M Desired Material Usage Rate= 
 MAX(0, M Production Plan/M Material Usage per Unit) 
Units: Components/Week 
 
M Desired Production= 
 (MAX(0,M Adjustment for agents Inventory))*(1-FUZZY SWITCH 1ON)+(Fuzzy Desired 
Production 
)*(FUZZY SWITCH 1ON) 
Units: Units/Week 
 
M Desired Production Start Rate= 
 MAX(0, M Adjustment for WIP) 
Units: Units/Week 
 
M Desired Shipment Rate= 
 M Backlog Orders from agents/M Target Delivery Delay 
Units: Units/Week 
 
M Desired WIP= 





 IF THEN ELSE(240000<=M Incoming Demand 0:AND:M Incoming Demand 0<275000, ( 
M Incoming Demand 0-240000)/(275000-240000), IF THEN ELSE(275000<=M Incoming Demand 0 




 IF THEN ELSE(100000<=M Inventory Level:AND:M Inventory Level<130000, (M Inventory 
Level 








 IF THEN ELSE( 0<=M Incoming Demand 0:AND:M Incoming Demand 0<40000, 1 , IF THEN 
ELSE 
( 40000<=M Incoming Demand 0:AND:M Incoming Demand 0<75000, (75000-M Incoming Demand 0 




 IF THEN ELSE(M Inventory Level<20000, 1, IF THEN ELSE(20000<=M Inventory Level 






 MAX( MAX( M R5 , M R10 ) , MAX( M R13 , MAX( M R14 , MAX( M R15 , M R20 )  
) ) ) 
Units: Units 
 
M Feasible Production Starts from Materials= 
 M Material Usage Rate*M Material Usage per Unit 
Units: Units/Week 
 













 IF THEN ELSE(200000<=M Incoming Demand 0:AND:M Incoming Demand 0<225000, ( 
M Incoming Demand 0-200000)/(225000-200000), IF THEN ELSE(225000<=M Incoming Demand 0 





 IF THEN ELSE(80000<=M Inventory Level:AND:M Inventory Level<100000, (M Inventory 
Level 
-80000)/(100000-80000), IF THEN ELSE(100000<=M Inventory Level:AND:M Inventory Level 




 MAX( M R11 , MAX( M R18 , MAX( M R23 , M R24 ) ) ) 
Units: Units 
 
M Incoming Demand 0= 
 M Desired Inventory 
Units: Units 
 




M inventory coverage= 





M Inventory for Agents= INTEG ( 
 M Production Rate For Agents Orders-M Agents Shipment Rate, 
  M Desired Inventory) 
Units: Units 
 
M Inventory for Assembly line= INTEG ( 
 M Production Rate For AssemblyLine Orders-M AssemlyLine Shipment Rate, 
  M Desired AssemblyLine Inventory) 
Units: Units 
 
M Inventory Level= 




 IF THEN ELSE( 70000<=M Incoming Demand 0:AND:M Incoming Demand 0<110000 ,  
(M Incoming Demand 0-70000)/(110000-70000) , IF THEN ELSE( 110000<=M Incoming Demand 0 
:AND:M Incoming Demand 0<150000 , (150000-M Incoming Demand 0)/(150000-110000 




 IF THEN ELSE(40000<=M Inventory Level:AND:M Inventory Level<50000, (M Inventory 
Level 
-40000)/(50000-40000), IF THEN ELSE(50000<=M Inventory Level:AND:M Inventory Level 








M Manufacturer Materials Quantity= 
 MAX(M Desired Material Delivery Rate, M Required Material delivery rate ) 
Units: Components/Week 
 




M Manufacturing Total Inventory= 
 M Inventory for Assembly line+M Inventory for Agents 
Units: Units 
 
M Material Delivery Rate= 





M Material Inventory= INTEG ( 
 M Material Delivery Rate-M Material Usage Rate, 
  M Desired Material Inventory) 
Units: Components 
 








M Material Usage Rate= 
 M Material Usage Ratio*M Desired Material Usage Rate 
Units: Components/Week 
 
M Material Usage Ratio= 





M Materials Coverage= 
 ZIDZ(M Material Inventory, M Material Usage Rate ) 
Units: weeks 
 
M Materials Delay Time= 
 M Payment Delay+M Perceived Supplier Lead Time 
Units: weeks 
 
M Materials Forecast= INTEG ( 
 M Perceived Change in Material Forecast, 
  M Material Usage Rate) 
Units: Components/Week 
 








M Maximum AssemblyLine Shipment Rate= 
 M Inventory for Assembly line/M Minimum AssemblyLine Order LeadTime 
Units: Units/Week 
 






M Maximum Material Usage Rate= 
 M Material Inventory/M Minimum Material Request Lead Time 
Units: Components/Week 
 
M Maximun Production Rate= 
 M Work in Process Inventory/M Manufacturing LeadTime 
Units: Units/Week 
 












M Order Fulfillment Rate= 
 M Agents Shipment Rate 
Units: Units/Week 
 
"M Order Rate from Agents(D)"= 
 "Incoming Orders from distributors (ISACO Agents)" 
Units: Units/Week 
 
M Payment Delay= 
 Table For Payment(M Manufacturer Materials Quantity/M Financial Material adjustment 
time)*M Time To Pay 
Units: weeks 
 
M Perceived Change in Material Forecast= 
 (M Material Usage Rate-M Materials Forecast)/M Materials Forecast adjustmentTime 
Units: (Components/Week)/Week 
 




M Production Capacity= 
 M Maximum Capacity 
Units: Units/Week 
 
M Production Coverage= 
 ZIDZ(M Work in Process Inventory, (M Production Rate For Agents Orders+M Production Rate 






M Production Plan= 
 IF THEN ELSE(M Desired Production Start Rate>=M Production Capacity, M Production 
Capacity 
 , M Desired Production Start Rate ) 
Units: Units/Week 
 
M Production Rate For Agents Orders= 
 M Maximun Production Rate* M Relation Between Desired Productions 
Units: Units/Week 
 
M Production Rate For AssemblyLine Orders= 
 M Maximun Production Rate * (1 - M Relation Between Desired Productions) 
Units: Units/Week 
 
M Production Start Rate= 








































































































 MIN( M HI , M LD ) 
Units: Units 
 
M Relation Between Desired Productions= 
 Table for Production(IF THEN ELSE( M Desired AssemblyLine Production <> 0  
, M Desired Production/M Desired AssemblyLine Production 
  , 10 )) 
Units: Dimensionless 
 
M Required Material delivery rate= 
 MAX(M Materials Forecast-M Maximum Material Usage Rate, 0 ) 
Units: Components/Week 
 












M Total Production= 





























M Units Needed= 
 (M U1+M U2+M U3+M U4+M U5)/M BB 
Units: Units 
 




M Work in Process Inventory= INTEG ( 
 M Production Start Rate-M Production Rate For Agents Orders-M Production Rate For 
AssemblyLine Orders 
, 
  M Desired WIP) 
Units: Units 
 
Maximum Agents Shipment Rate= 

























R adjustment from inventory= 
 (R desired inventory-R inventory)/R time to adjust inventory 
Units: Units/Week 
 
R Backlog for Orders= INTEG ( 
 R order rate-R fulfillment rate, 
  R Backlog for Orders initial value) 
Units: Units 
 




R change incoming demand= 
 (((incoming demand)-R forecast)/R forecast adjustment time)*(1-Run the model in Equilibrium 
1ON 
)+(((Demand to run in equilibrium-R forecast)/R forecast adjustment time))* 
Run the model in Equilibrium 1ON 
Units: Units/(Week*Week) 
 
R delivery delay= 
 ZIDZ( R Backlog for Orders , R fulfillment rate ) 
Units: weeks 
 
R desired inventory= 
 R forecast*R desired inventory coverage 
Units: Units 
 
R desired inventory coverage= 
 R minimum order leadTime+R safety stock 
Units: weeks 
 
R Desired shipment rate= 
 R Backlog for Orders/R Target delivery delay 
Units: Units/Week 
 
R forecast= INTEG ( 
 R change incoming demand, 
  0) 
Units: Units/Week 
 




R fulfillment rate= 









R inventory= INTEG ( 
 Incoming units from distributor-R shipment rate, 
  R desired inventory) 
Units: Units 
 
R maximum shipment rate= 
 R inventory/R minimum order leadTime 
Units: Units/Week 
 




R order fulfillment ratio= 
 IF THEN ELSE( R maximum shipment rate>=R Desired shipment rate , R Desired shipment rate 
 , R maximum shipment rate 
  ) 
Units: Units/Week 
 
R order rate= 
 (incoming demand)*(1-Run the model in Equilibrium 1ON)+(Demand to run in equilibrium 
)*Run the model in Equilibrium 1ON 
Units: Units/Week 
 




R shipment rate= 
 R order fulfillment ratio 
Units: Units/Week 
 













































































































 MIN( HI , LD ) 
Units: Units 
 
Received orders from clients= 
 units needed from distributor 
Units: Units/Week 
 










SAVEPER 0  =  
        TIME STEP 
Units: Week 
The frequency with which output is stored. 
 
































TIME STEP  = 0.125 
Units: Week [0,?] 
The time step for the simulation. 
 
U1= 

























units needed from distributor= 
 ((MAX(0, R adjustment from inventory))*(1-FUZZY SWITCH 1ON))+(Fuzzy Adjusted Units 
Needed 
)*(FUZZY SWITCH 1ON) 
Units: Units/Week 
 
"units needed from manufacturer (ISACO)"= 
 (MAX(D adjustment from in transit units,0))*(1-FUZZY SWITCH 1ON)+(Fuzzy Adjusted Units 
Needed from Manufacturer 
)*(FUZZY SWITCH 1ON 
 ) 
Units: Units/Week 
 
 
	
